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A SIMPLIPIED METHOD FOR EFALUATIllO JET-PROPULSION-SYSTEM 
CCMFQNSNTS IN TERMS OF AIRPLANE PERFCRMANCE 
By Richard J. Weber and Roger W. Luldens 


SUtfllARY 

It Is often In^osslble to determine^ from an engine study alone^ 
vhlch of tvo aircraft engines Is superior for a given flight application. 
Consideration of weight, drag, thrust, and efficiency Individually may 
give contradictory results. This dlfflctilty Is commonly experienced In 
research on propulsion-system, con^nents, particularly the Inlet diffuser 
and the exhaust nozzle. 

A method Is develooped to provide a single means of coii^>arlng engine 
components on the basis of either range or the margin of thrust over 
drag. The equations developed Include not only the variation in thrust 
coefficient and specific in^iulse but also the change In engine weight 
and drag. Four general cases are consld^ed: 

(1) Fixed-size airplane with constant gross welgpit 

(2) Fixed-size airplane with variable gross weight 

( 3 ) Variable-size CLlrplane with constant payload weight 

( 4 ) Variable-size airplane with constant ratio of payload to gross 
weight 

Calculated performance data of representative turbojet and ram-Jet 
engines are presented so that the Investigator Interested In the effects 
of diffuser pressure recovery or nozzle velocity coefficient can apply 
the method without first carrying out an engine cycle analysis. 

Several numerical exan^les are wcxrked out to Illustrate use of the 
method and typical applications. 







2 


MCA BM 1E56J26 



UJTRODUCTICnJ 

The i>erformaiice of an aircraft - for ezaa^le. Its range - Is affected 
hy the fuel economy^ thrust > weight > and drag of the Installed engine. 
Frequently, a physical change In some propulsion-system component will 
Improve one of these engine parameters such as tha^t'l)ut also worsen 
emother . such eis weight. The researcher or designer Izi the field of pro- 
pulsion systems Is then unahle to tell, on the hetsls of the engine param- 
eters alone, whether or not the net effect of the ' cco$onent modification 
would he heneflclal to airplane perf cnriaance . The solutloa to this proh- 
lem may he found throu£^ a performance analysis of the airplane for the 
mission desired. Such analysis may, however, he heyond the purview or 
Inclination of the researcher. A sln^ler, more general approach Is de- 
sirable for a rapid, although less precise, evaluAtlon. 

This i^eport presents a simple method of Indicating the net effect 
of a simultaneous change In two or more engine pexformance Indices (l.e., 
thrust, specific Impulse, weight, or drag) on airplane performance. Two 
measures of airplane performance were selected: ^l) rsuige, because of 

Its Inportance to most airplane missions, and (2) maximum engine -'thrust 
minus airplane drag, because of Its Importance to such cheuracterlstlcs 
as rate of climb and maneuverability. 

Particular emphasis Is placed on applying the method to Inlets and 
exhaust nozzles In the derivation and discussion.; To'faolUtate use of 
the method with ram Jets and turbojets, representative performance data 
of the required foimi are presented. Numerical excuples are also given 
to illustrate typical applications of the method. ^ 

References 1 and 2 present methods for calcvi^tlng engine perform- 
ance and performance derivatives that may be adapted for use In the equa- 
tions of the present report. Reference 5 eeune to ; the attention of the 
authors after the present work was completed. It.dei^lops relations be- ' 
tween diffuser pressvire recovery and drag and airplane range. The de- 
velopment of the present report Is considerably broader than and somewhat 
different In point of view from reference 5. 


ANALYSIS 

The aneOysls Is divided Into two parts. The. first deals with the 
airplane range, and the second with airplane acceleration potential. 

(The adrplEUie acceleration potential Is defined ap the Ttihv-iTninn ehglne~ 
thrust minus airplane drag in steady level . f Ue^tj dl'^ded by the airplane 
gross weight.) In both sections the effect of sever^ Etssunptlons re- 
garding the airplane size and weight Is considered. — 
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Throughout this report the term "engine” Is defined to Include the 
^ Inlet diffuser, exhaust nozzle, and nacelle (if external 1y mounted) . 


4 


Range Evaluation 


The method developed to evaluate engine performance In terms of air- 
plane range Is haslcally a sensitivity analysis of the Breguet range 
equation, which, considers the engine and airframe as an Integrated com- 
hlnatlon. For Jet aircraft the Breguet equation may he written 



The sysibols used In this report are defined In appendix A. 

In the subsequent development, the flight speed V Is assumed to he 
constant. This corresponds to constant flight Mach number In the stra- 
tosxdiere. The fuel required to accelerate and cUmib to cruise conditions 
Is also eissumed to he a constant - that Is, Independent of 

changes that primarily affect cruise conditions. Logarithmic differen- 
tiation with respect to any engine parameter X (e.g., X might he the 
inlet preesiire recovery) yields 

1 1 
« dX “ Y 

Dt 



V 


where 



Equation (2a) permits finding the relative change In range QStfSt 
resulting from a small change dX In some engine parameter (provided, 
of course, that all the terms can he evaluated) . Alternatively, It may 
often he useful to find the change In either engine weight or drag which. 
In conjunction with the variation dX, results In the same airplane 
range. This value, termed the break-even condition, may he found by 

taking d^ equal to zero. The condition 0 Is also the condi- 

tion for determining the value of X that will yield thh-yI mum range. 
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To be readily used by the propulsion-systems engineer, equation (2a) 
must be expressed In terms of the usual Indices of engine performance. 

In this report, thrust coefficient, specific Impulse, ..weight, and drsg 
coefficient are used. 


The development In appendix B shows that equation (2a) may be 
written ^ 


1 ^ M 
31 dX = dX k 


(2b) 


which eliminates the airplane lift -drag ratio and Involves only an engine 
performance term and a term Involving the fuel weight. Evaluation of 
these two terms depends on the slrplane being considered. The required 
mathematical development Is detailed In appendix Bj for simplicity, the . 
results are summarized In table I and discussed In the following sections. 


Fixed-size, fixed-gross -weight airplane . - This section considers 
the case of an airplane with both airframe "and en^flne of fixed size euid 
with Initial gross weight held constant even when ^the engine weight Is 
varied. Appendix B shows that the term dl/dX In equation (2b) Is to 
be evaluated at a constant value of thrust coefficient for this case. 
Also, differentiating the summation of airplane weights (with the assun^ 
tlon of a fixed payload weight) T. ■■ ~ 


’g 


'st 


+ Wpj + Wg + Wf 


( 3 ) 


gives 


aWf _ 

djT “ - dX" 

This requires that the airplane take off with partially empty fuel tanks 
when the modification dX Increeises the engine weight. Conversely, 
when the engine weight Is reduced, the wel^t saved Is assumed to be put 
Into addltlonaJ. fuel (but with negligible change In structural weight or . 
drag) . The general result for this case Is given as equation (BlS) In 
table I (a). Equations (T2) to (T5) are given to illustrate how the gen- ^ 
eral equation might be rewritten for several partlcul^ applications. 

In equations (T2) and (T3), for exanple, the engine parameter X Is 
taken as the inlet pressure recovery 0^. Equation (T2) permits calculat- , 
Ing the change In range resulting from a variation Injpressure recovery 
that has affected the engine thrust, specific in5>ulse, and weight, but not 
the dreg. Equation (T3) gives the more common case where the variation 
in pressure recovery affects the diffuser drag but not the wel^t. Equa- ; 
tlons (T4) and (T5) give similar relations for the effect on range of 
changes In nozzle velocity coefficient. Equations (T2) and (T3) follow 
directly from equation (B18) by setting dCp and dW^ equal to zero. 
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respectively. Equations (T4) and (T5) are oTatained In the same manner, 
recognizing the fact that changes In the nozzle affect Cp and I In 

the same proportion (see the derivation of eq. (B22) In appendix B) . 

The corresponding hrealt-even relation Is obtained from any of these given 
equations hy merely setting d£l eqvial to zero. 

F^yed-slze, variable -gross-velght airplane . - This section considers 
the case of a fixed-size airplane In which the fuel weight Is not changed 
even when an engine modification dZ results In a c ha nge In engine vel^t. 
Differentiation of the airplane weight equation In the preceding section 
now gives 



(5) 


for dW /dX = 0. The takeoff gross welg^it of the airplane thus varies 
as the engine weight Is varied. The resulting general range equation 
(B24) Is presented In table l(b). As before, simplified equations can 
be obtained from the general equation far particular engine components. 


Variable-size and gross-weight airplane, constant payload and accel- 
eration potential . - When the engine Is modified In a fixed-size air- 
plane, not only the range but also the acceleration potential (discussed 
In the next section) Is changed. It is assumed In this section that the 
acceleration potentlsi of the airplane Is held constant when the engine 
Is niodifled. In order to do this, the geo m etric proportions of the air- 
frame are assumed unchanged, but Its size and weight are allowed to very 
scmewhat as the engine Is modified. This variation Is appl i cable to 
airplanes still In the preliminary design stage. Engine size, however. 

Is considered fixed. The resulting variations In and W^/Wg for 

this case are given In equations (B34) and (B40) and are not repeated 
here because of their con^jlexlty. Equation (T6) of table l(c) Is the 
general result for the case where the payload weight In pounds is assumed 
constant . 


Variable-size and gross -weight airplane, constant percent payload 
a.nfl constant acceleration potential . - This cEise Is the same as that dis- 
cussed In the previous section, except that the payload Is assumed to 
remain a constant percentage of the sdrplane gross weight rather than a 
constant that Is lnd^>endent of gross weight. The general result for 
this case Is given In equation (T8) of table l(c). Again, simplified 
equations can be written for application to particular engine ccn^onents. 



6 


BACA BM E56J26 



Evaluation 'of Acceleration Potential 

Acceleration potential G Is defined In this! report as maximum en- 
gine propulsive thrust minus airplane steady-level-flight drag divided 
by airplane gross velgbt: 

G «■ ~ ^t 


where G may be evaluated for the Initial gross velgl^ or for any sut^ 
sequent value of W during flight. This acceleration feuitor Is an In- 

O — -■ •• 

dlcatlon of the airplane’s cUmb^ acceleration, and c^bat capabilities. 
It thus Is probably of greatest interest fo:}* Interbeptor applications . 

Engine modifications usually affect not only the ^j^slng perform- 
ance but also the maximum thrust of the engine. Therefore, both the 
airplane range and acceleration potential are changed.'^ The effect of 
engine modifications on acceleration potential for' the' case where the 
airplane size Is fixed Is considered In appendix B. The general expres- 
sions for this case etre given In table II. 

By varying airplane size It la possible to vaiy the value of accel- 
eration potential or to hold a constant value while modifying the engine. 
(As already discussed, this latter condition was specified when deriving 
the range equations of table 1(c).) . — 



» 






I. 


APPLICATICOSf OF METHOD 
Engine and Airplane Parameters 

In order to evaluate nicnerlcal ly the equations that have been derived. 
It Is necesseury to know the values the engine thrust coefficient and 
specific Impulse euid their derivatives with respect to the engine param- 
eter X that Is of Interest. Several constants describing the airplane 
must also be known. Some representative values of ithese engine and edr- 
plane variables are presented In this section to facllTtate use of the 
equations. Engine derivatives are given for the cahes ’'^idiere the engine 
parameter X to be studied Is either the Inlet pre|Bsu^ recovery or the 
exhaust -nozzle velocity coefficient. Stiidles of other engine parameters, 
such as conpressor efficiency, would first require determination of simi- 
lar derivatives by means of a cycle analysis or frcM experimental data. 

Engine performance . - A limited amount of data Is /Resented herein 
for a turbojet engine and a ram- Jet engine operating ovw a range of 
supersonic flight speeds In the stratosidiere. The ^rformance for both 
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engines Is Isased on the ccmponent assuniptlons given In ax^endlx C. 'T’ha 
curves represent either a series of engines ee,ch operating at Its design 
point or a single engine vlth a continuously variable Inlet anfl nozzle. 

Figure l(a) shows the Internal thrust coefficient Cpi and specific 

Impulse I of the turbojet engine for a range of afterburner temperatures 
up to 3500° R and for flight Mach numbers from 1.0 to 3.0. Figure l(b) 
gives the derivative of the specific Impulse with respect to the Internal 
thrust coefficient. Figures l(c) to (f) present the derivatives of the 
turbojet thrust coefficient and specific Impulse with respect to the 
Inlet pressure recovery and exhaust-nozzle velocity coefficient. Figure 
2 presents s imi l ar data for a ram- Jet engine up to Mach 5.0. The diffuser 
area ratios and assumed pressure recoveries as a function of Mach number 
are given In table IU> and exhaust -nozzle pressure ratios and area ratios 
are listed In table IV. 

The engine performance data presented are affected In varying degrees 
by the assumptions. Therefore, If performance data are available for a 
specific engine of Interest, they should be used. However, the engine 
data presented herein will. In general, yield similar results for the 
following reasons. The results are Independent of the value assumed for 
compressor air flow, since I Is not a function of air flow and since 
Cp, which Is a function of air flow, aJwayp enters Into the equations as 

a r^lo of thrixst or drag coefficients. The derivatives and 

3Cp/o^ are, to a first order. Independent of because Cy and I 

are approximately linear with The derivatives Sl/^Cy and hCp/dCy 
are Independent of the assumed Cy, because Cy and I are exactly 

linear with Cy. These are eilso the considerations that permit use of 
finite changes In ^ and Cy In the differential equations rather than 

Infinitely small veurlatlons. In substantiation of the above argument, 
an exaimle dlsc\issed later In the report shows that the derivative 
dCjj^^/d^ Is about the same whether ceLlculated for the turbojet or ram- 
jet e^lne. 

Generally, It will be desired to compare two designs of an engine 
con^onent, neither of which Is described exactly by the parameters assumed 
for that ccn^onent In the present report. Comparison of the two given 
designs Is accomplished by cOTq>arlng ecu^h of them with the coanponent 
assumed herein. 

It Is necessary to select the cr\ilslng combustion temperature in 
order to obtain values of Cy and I for use In the equations. In 

order to limit engine weight, the cruising temperatTore Is usually chosen 
as somewhat higher than that for Tnft^l^^■nmn^ j. This temperature Is gener- 
ally of the order of 2500° to 3000° R for supersonic cruising at Mach 
numbers up to 3.0. 


8 


. mck m E56J26 


Airplane characteristics . - When a specific dJeslgn Is not available 
to work with, and If prlsnsoy Interest Is In the study “of the engine com- 
ponents, sufficient accuracy for the application of the method of the 
present report Is obtainable through the us^ of typlc^ airplane charac- 
teristics. Table V presents estimated valued of required airplane param- 
eters that are representative of fovtr classes of aircraft. 


Illustrative Examples 

Several numerical exaa^les will be presented to Illustrate how the 
equations are used, to Illustrate the effect of the various assun^tlons 
that can be made with regard to the airplane, and to suggest typical 
applications of the method. + 

Effect of airplane eisaumptlons on relative Importance of pressure 
recovery and weight . - Several different eissumptlone were made In deriving 
the expressions for range. First, the airplane sl|ze ^s considered to 
be fixed and the gross weight was either held cons|tan^or allowed to ^ 
vary. Second, the airplane size was avowed to vary with the option cf 
holding either the payload or the ratio of payload to gross weight con- 
stant. It Is Informative to compare the results obtained for these four 7 
cases . 


Consider a turbojet -powered Interceptor airplane flying at a Mach 
mamber of 2.0. The equations will be used to calculate the permissible | 
Increase In engine weight to maintain the scone rai^e if the Inlet pres- 
sure recovery Is inqaroved by 0.01 and the drag does nbt change. (Al- 
though the calculated result may be interpreted sever&l ways, the Impll- ■ 
cation here is that the In^roved Inlet pressure recovery Is achieved by 
a mechanical device such as a variable-angle ran^ that Increases the 
Inlet weight, the Inlet being bonsldered pc^t of the engine.) Assume_ 
arbitrarily that the airplane haa a gross weight of 20,000 pounds, cruises 
at an afterburner temperature of 2500® R, and has a mtelmum afterburner 
temperature of 3500° R. Figures l(a) to (d) give the following values 
for the engine performance; 7 . 



bl 

Cj. = 1.73 

700 

I = 2215 lb/(lb/sec) 

S,max “ 


^^.max _ _ 
o 3.40 


&Cji 

W 


2.48 
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The velght ratios for the airplane are taken fron table 7. These values 
for the engine and airplane are then substituted In equations (B18), 

(B24) , (T6) f ai^ (T8) of table I ^ taking both d£V and dC^^ equal to 

zero. (Eq. (T2) of table I (a) Illustrates hov eq. (B18) ^ e.S«; Is sim- 
plified for this particular calculation.) The results of the calculation 
are as follows: 


Airplane assumptions 

lb 

ASfg, 

lb 

Fixed size, constant 

36.3 

0 

Fixed size, variable Wg 

121.0 

121.0 

Variable size, constant 

106.0 

270.0 

Variable size, constant Wp^/Wg 

79.1 

270.0 


The smallest acceptable Increase In engine velght occurs for the 
fixed-size airplane with constant gross velght. In this case the fuel 
velght Is decreased to accanmodate the Increased engine velc^t. Allowing 
the takeoff gross velght to rise permits substantially heavier engines. 

Comparison of range and acceleration criteria In determining rela- 
tive Ingortance of pressure recovery and drag . - In addition to remge, 
t)ie maneuverability and acceleration capability of an Interceptor air- 
plane are In^ortant. For the ed.rplane In the previous example > It Is 
desired to comqere the acceptable Increases In engine drag resulting from 
an Improvement In pressure recovery for (l) constant range, and (2) con- 
stant acceleration potential. The airplane Is assumed to be of fixed 
size and consteuit gross vel^t. Cruise afterburner ten^rature Is 2500*^ 
B, while the thrust minus drag expression (eq. (T9) of table H) Is 
eveU.uated at 3500° R. At 3500° figure l(c) gflves 

^®F,max 

Substituting the appropriate values In equations (T3) and (T9) of tables 
I (a) and II vlth d.a and dO taken eis zero gives the following: 


BreeLk-even condition 

dCj/d^ 

Range 

Thrust minus drag 

1.25 

3.40 


There Is an appreciable difference , In acceptable drag rise between the 
two cases. The relative Importance of the tvo criteria depends on 
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vhether the airplane Is expected to cruise :long distances at supersonic 
speeds or whether It Is required only to have high mafteuverahlUty during 
short hursts of ccxobat. 


Graphical comparison of several. Inlets . - Su^ose that several dif- 
fuser configurations have heen developed having the characteristics at 
a Mach number of 2.0 that are shown In columns (l), (2), and (3) of the 
following table: 



(1) 

(2) 

(3) 

(4) 

Diffuser 

9 

°D,1 


^D,Ae 

A 

0.85 

0.03 

1.0 

0.M3 

B 

.91 

.18 

I'.O 

.148 

C 

.92 

.19 

iB 

- 

.197 


(2)i)rag coefficient based on Inlet 
capture area. 

(^^Drag coefficient based on compr^sor 
frontal area. 1 . ”■ 


Suppose further that the turbojet Interceptor alrplaite discussed In the 
preceding examples has been built with diffuser B|» It Is desired to 
know whether the same engine using diffuser A or C nd^ht afford better 
airplane performance. 

A graphical presentation Is convenient In this problem both to pre- 
sent the data and to coopare Inlets. 


First, the diffuser drag coefficients (column (2)) must be based on 
the same area used for the engine thrust coefficients, which for the _ 
turbojet engine Is the compressor frontal ^ea. The conversion may be 
made by the following equation; 



'vriiere the term In parentheses Is given In table III for the engine pre- 
viously described, and the remaining terms on the right are characteris- 
tics of the Inlet under consideration. This equation correctly sizes 
the inlet to the engine, with the assunptlon that the dlf fuser-exit (or 
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compreB SOT -Inlet) Mach mainber does not Tary with 9 for a given engine. 
(This assun^tlon Is discussed further in appendix C.) The equation also 
converts the Inlet drag coefficient from the reference area to Ag> 

on which Cp Is based. Carrying out this calculation for the present 
exan^Ifi results in the drag coefficients given in column (4) . 

A figure may he constructed of diffuser drag coefficient as a func- 
tion of pressure recovery (fig. 3). The hreak-even lines are drawn 
through the values of diffuser B with the slopes of 1.25 and 3.40 that 
were determined In the preceding example. (The shaded side of the lines 
Indicates the unfavorable region^ l.e.^ reduced range or reduced thrust 
minus drag.) Superinpoalng the data for diffusers A and C shows Im- 
mediately whether tlie range or the thrust -minus -drag margin has been 
Improved. Figure 3 shows that diffuser C has such high drag that it 
Is poorer than diffuser B on the basis of both criteria. Use of dif- 
fuser A, however, would improve airplane range but decrease its margin 
of thrust over drag. 

Each diffuser In this example has been described by a single point. 

It Is also possible to plot on the same type of figure a curve for each 
diffuser showing the 9 and Cjj corresponding to different mass -flow 
ratios. This would then permit determination of the best operating point 
with respect to either range or acceleration potential. The procedure 
of this section is most aipUcable to isolated-inlet investigations. 

Graphical method for selecting best lni*»t size and operating point . - 
The procedure In this section is approximate and most useful In cases ' 
where the Inlet drag Is ccxoblned with other drags, as Is the case with a 
fuselage side Inlet, so that the quantity of drag associated with the 
Inlet is not separately known. One of the frequently used plots for pre- 
senting experimental Inlet performance data is shown In figure 4. The 
drag coefficient Is usually based on the model mayt rmiTn cross-sectional 
area A^^^. Presented on the plot is a typical set of data for a flight 

Mach number of 2.0. It la desired to find the condition of inlet opera- 
tion that will yield maximum thrust minus drag or TnBYiTnntn range. For a 
given airplane with Its engine, this also means determining the size of 
the inlet to be used on the airplane. It is assumed that the engine per- 
foimance and performance derivatives are known or that it Is satisfactory 
to use the data given In this report. In either case the engine air 
flow with reapect to the airplane size must be known. 
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Using a Tjreak-even. condition of this ceport, vtaiich is also the 
mathematical condition for a maximum, a value of dCj^d.^ may he calcu- 
lated.. This drag coefficient is based, on an engine ^ea Ag. To apply 
this maximizing condition to the present problem, approximately 


dCu 


dCr 


1 ‘ 




(8a) 


from which 


d^ 


dC. 


df;^\ 

\“r/ 


d| 


DtAmftv ^ 

W IF Ao/Ag 


(8b) 


where dCjj ^^^d(m/my) is determined from; the experimental data of fig- 
ure 4, dCjj/d^ is determined frcai the equations of this report, Ao/Ag 
is given in table III, and n“ist be Imown for the airplane under' 

consideration at the pressure recovery given in table III. 

The term A.q/\b^ may “be calculated, ;for ex;?mple, when the actual 
cOT^jressor corrected air flow (wgV®/s) pounds' per. second at the flle^it 

.conditions under consideration and the airplane ejaglne crosa -sectional 
area in square feet corresponding to the mgdel ma^m\mi cross -sectional 
area are known. For the usual case of T =*" 1*4, g ■ 32.2, and R » 53.5, 


•^Snax 


85 


L 1 1 

%ax \ ® /(^ y t M 


( 9 ) ^ 


Both p/p and tg/t are functions of the flight Mach number M and tab- 
ulated in reference 4. The required value '6f ^ is given in table III. 


-0.34. 


For the present example, = 0.140 and dCp, A^^^/d (m/iUj ) = 


Using the values of dCp/d^ calculate in a previous example, the 
values of d^d(m/mj,) for mH.YiTnTnn thrust minus drag and maxi m um range 

are, respectively. 


dCm/mj.) 

if 


-0.586 


-1.60: 
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These slopes are plotted In figure 4. Where the curve of experi- 
mental pressure recovery against mass flow is tangent to these slopes, 
the thrust minus drag or range will he a maximum. The hest inlet oper- 
ating condition and size are thus determined for each of these 
conditions . 


Effect of flight Mach number and cruise cycle teng)erature on range 
importance of Inlet drag and pressure recovery . - To calculate the im- 
portance of pressure recovery on range, equation (B18) in table I may he 
simplified hy setting 6C-q and dWg equal to zero, giving 


1 dif„ 

a d^ 



( 10 ) 


This equation has heen evaluated for turbojet and ram-Jet engines for 
two cycle tenq)eratures over a range of flight Mach numbers. The results 
are presented In figure 5(a). The figure shows that, for a constant 
cycle temperature, the importance of a given Increment In pressure re- 
covery decreases with increasing flight Mach number. Also, pressure re- 
covery is more important for airplanes designed to cruise at high cycle 
ten^eratures . 

To calculate the range Importance of the Inlet drag, equation (B18) 
of table I becomes, taMng X as and letting dW^ be zero (where 

terms such as are zero) , 



where the inlet drag coefficient Is based on the entering stream-tube 
area. The entering stream-tube area Is the same as the area described 
by the Inlet Up only for Inlet operation with no spillage. The results 
of the calculation are shown In figure 5(b) . The negative sign on the 
result simply means that increasing drag causes a reduction In range. 

The figure shows that the effect of an Increment in drag coefficient on 
range Increases as flight Mach number Increases or as cruise cycle tem- 
perature Is decreased. 

The comparative ln^ortance of pressure recovery emd drag may be cal- 
culated directly from equation (T3) of table I or from the previous 
results : 
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This Is a "breaJt-even" condition In tliat it relates the increment of drag 
coefficient that can he tolerated, per unit increment fn pressure reco'/hhy ' 
to result in zero net range change. (An increment' of “ipressure red(jivei?y 
is the final value of pressure recovery minus the initial value.) The 
results of the calculation are shown in figure 5(c). The magnitude of 
the ordinate Indicates the increase in drag coefficient that can be 
tolerated for a given Increase in pressure recovery in order to malnteSLn 
constant range. The figure shows that, at i.ow Meuch nmbers, a large in- 
crease in drag coefficient is permissible for a given^ncrease in pres- 
sure recovery. At high Mach numbers, only a small Increase in dr^ coef- 
ficient is tolerable for the same Increment in pressuPe recovery. At 
all Mach numbers, larger Increases in drag coefficient are permissible 
(to maintain constant range) for the hlgher'^coinbuBtloh temperature. BTote 
that refei^nce to constant range in connection with figure 5(c) means 
only that the range is held, constant at each Mach number and at each 
combustor temperature as ^ and are varied; it does not mean that 

the range is the same for all Mach numbers and coi^ustor temperatures 

The sensitivity of the present analysis to engine type and specific 
engine characteristics may be estimated from, flgxire 5' by comparing the 
curves for the turbojet and ram- Jet engines at 3500° R maximum cycle tern-,, 
perature. The ram-Jet -powered airplane is more sensflive than the 
turbojet -powered airplane to both inlet drag and pressure recovery at 
flight Mach numbers below about 2.8. However, iU;the~Hach number range 
between 2.0 and 3.0 where the ram-Jet and turbojet curves overlap, the 
value of general about the same fof~both engines. ®ils' 

Indicates that the parameter is not sensitive to engine t;^e 

and, therefore, for example, should not be. sensitive to differences that 
exist between various turbojet -engine designs. 


CONCLODIHQ REMARKS 

A single method of evaluating prqpulsion-syst^a components in terms 
of airplane range and thrust -minus -drag characterjist^s has been presented 
Equations for evaluating changes in propulsion-system components both in 
existing airplanes and airplanes in the design stage were given. The 
method is particularly applicable for rapl^ evaluation of engine inlet 
pressure recovery, drag, and weight, and corresponding esdiaust-nozzle 
characteristics. Representative en^ne cycle performance and performance 
derivatives for this purpose were also given. 

Exanples have been presented to Illustrate typical applications of 
the method. For Instance, one exarple shoved that inlet pressure recovery 
becomes less Important compared with nacelle drag as flight Mach number 
and combustion temperature are increased. Another example shoved that 
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presBure recovery 1b Ibbb In^ortant coi 5 >ared wltli drag when the 

criterion of ali^plane performance 1b range rather than acceleration 
potential. 

Appendix D BhowB that, for alrplanee cruising at the condition for 
maxlminn range, changes in range resulting from changes in engine com- 
ponent performance may he evaluated, at either conatant lift coefficient 
or constant engine combustor ten^rature. Also, the equations developed, 
in this report in terms of engine pe 2 rformance parameters one may al- 
ternatively he expressed in terms involving airplane aerodynamic 
parameters . 


Levis Flight Propulsion Laboratory 

National Advisory Committee tor Aeronautics 
Cleveland, Ohio, Aiigust 7, 1956 
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Amax 
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Cd,0 

Cp 

^,max 
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Cl 

Cy 


^ex 
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APPESmX A 
SYMBOLS 

engine reference area (confessor frontal area for turbojet, 
combustor flow area for ram Jet) ' . 3 

cross-sectional area at inlet-cowl lip including centerlsody area 

model maviTtmTii cross-sectional area 

free- stream tube area of air entering engine 

engine component drag coefficient, D^v/qA^^ 

coefficient of drag due to lift (based on Sv) 

zero-lift drag coefficient of airplane (based on S^) 

engine Internal thrust coefficient, F/qAg 

maximum Op corresponding to 

engine propulsive thrust coefficient, Cp - Cj) 

maximum corresponding to "^ei),max - 

ali^lane lift coefficient, L/q.Sy 

nozzle velocity coefficient . Z" ■ - 

external drag specifically associated with engine component being 
studied? considered to be included in before component 
modification — ^ — 

change in external engine drag specjlfically associated with 
eng^ne component modification being considered? equal to zero 
before modification 

total airplane drag in steady level^f light including all engine 
drag except dD^x 

engine internal thrust __ i 

engine propulsive, thrust, F - Dex 
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t. 




G 

S 
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I 

k 

L 

M 

m/nij. 

P 

% 

P 

<1 
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Sw 

t 




w. 


f,a 


’g 


acceleration potential^ ( ^nig-g ~ I3t)/^g 
euzceleratlon due to gravity 
engine Internal specific Impulse, P/w^ 
engine specific Impulse Including drag, 



airplane lift 
fll£dit Mach number 

Inlet mass- flow ratio, vhere ql^ can be any reference mass flow 
total pressure 

total pressTire at entrance to exhaust nozzle 

Inlet diffuser pressure recovery, total pressure at diffuser 
exit divided by free-stream total pressure 

ambient static pressure 

free-stream Incompressible dynamic pressure, X -pti^ 

gas constant 

Etlrplane range 

wing area 

total temperature 

static temperature 

fll^t speed 

Installed- engine weight 

Initial fuel wel^t 

fuel consumed during climb and acceleration 
Initial airplane gross weight 
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Wpj airplane fixed weight (payload, pilot. Instrument a, etc.) 

Wg-t; airplane structural weight (fuselage, wing, tedl, fuel tank, 

landing gear, etc.) 


X 

r 

5 

e 


eilr-flov rate .1 

fuel- flow rate i 

engine component parameter helng considered 
ratio of specific heats . .. 

ratio of total pressure to MCA. standard sea-level pressure 
ratio of total temperature to MCA. standard sea-level ten^erature 
Subscripts: 

ab afterburner (or combustor) ^ 

exit nozzle exit .-f 

I cowl lip : — 

max maximum 

opt optimum — 

th nozzle throat 1 

0 free- stream conditions 
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APPEHDrX B 


nEmvAnoir of equatiohb 


Basic Considerations of Range Equation 

The eai^resslons for range that are derived In this report are based 
on the Breguet range equation. The Integrated form, of the_range equation 
(eq. (l)) Is obtained with the necessary condition that VI L/iXt Is 
constant during the entire cruise jdiase of the fUgiht. It Is assumed In 
the present report that all cruising takes place In the Isothermal atmos- 
phere and at constant Mach number. In order to utilize the Breguet 
equation j must remain constant during flighty despite the fact 

that the airplane gross weight Is constantly decreasing because of the 
consumption of fuel. The following discussion shows that botb I and 
L/d^ may each be held constant during cmilse flight. 


The ali^lane lift- drag ratio Is given by 

^ -.ir 




Cd 




(^l) 


(Bl) 


where 


Cl 



(B2) 


The terms Cjj^q and Cp^l/C^ are constants describing the airplane 
aerodynamics, so that L/Dt is a function only of Cl for all airplanes 
of the same geometric proportions, regardless of the actual size (neg- 
lecting Reynold’s number effects). Mathematically, it Is required that 
the term Wg/pS^ be constant In order that L/D^ not change for any 
given airplane during crulslngj also, any two airplanes of similar pro- 
portions but unequal -sizes or gross welf^ts will have the same h/Ht 
they cnilse at the same value of Wg/pS^. 

A similar argument may be made with respect to the engine specific 
Impulse. For a given engine flying at constant Mach number In the iso- 
thermal atmosphere, the specific lmp\ilse Is a function only of the pro- 
pulsive thrust coefficient (see fig. 2(a), e.g.); 


I - 'io^) 


(ES) 
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For a given airplane, S^^/Ag Is constant and, from the preceding dis- 
cussion, L/Dt does not vary if Wg/pS^ is held constant. Thus, 

and hence I, remains constant during cruising flight'of a given air- 
plane if Wg/pS^ Is held constant. ' - -I 

Consider nov the flight path that must he selected to maintain con- 
stant Wg/pS^. Assume a reference alrpl B.nft that commences Its cruise ~ 
fligjht at a given Mach number and altitude .represented hy point A in 
figure 6(a). For this condition a specific value ; of *Vg/pS^^ exists. 

Throughout the flight, Wg continually decreases as ^el is consumed. 

To maintain the Initial value of Wg/pS^, it Is necessary that p 

decrease In the same proportlonj therefore, - the altitude of the airplme ' 
Increases from the beginning of its cruise fllgsht A to the end B._ This 
fli^t path, and thus constant values of Wg/pS^., L/&t^ C^, and I, Is 
accomplished automatically by maintaining a constant engine combustion 
temperature throughout cruising flight. ^ 

Instead of starting cruise at the value of Wg/pS^ corresponding 
to point A, some other value of Wg/pSy could have been selected, 
corresponding to point C, for example. This new value of Wg/pSy would 

then be maintained eOong flight path C-D. J^In general, cruising at the 
new Wg/pS^ results In a different value Of L/d^ during flight (since 

Cl must be changed to supply the needed lift) and liT a different ' value 
of I during flight (since Zf must be changed to supply the needed 
thrust). From equation (l) , to achieve maximum range, the value of 
Wg/pSw should be selected to make a maximum^ This Is repre- 

sented on figure 6(b) by point E. ■ - ,1. 

A change In an engine component may require an adjustment In the 
cruising Wg/pS^ to remaxlmlze the value 6f IL/Pt* As shown by the 

figure, the change In IL/D^ resulting from an eSnglne modification dX 
may be considered in two parts, the direct effect of ~ dX at a constant 
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Wg/pSy (from E to F) and the further effect of any accompanying change 
In cruising Wg/pSw (from F to G) . Mathematically, 



PStf 


where the suhscrlpts on the brackets Indicate the quantity helng held 
constant In the partial differentiation. If, with the original engine 
design, tte airplane Is Initially cruising at point E (the point for 
Tnw.Tiiinim , then 



(Some further Implications of eq. (B7) are discussed in appendix D. ) 
Then, equation (B6) hecomes 



(B8) 


The significance of this result Is that, for a small engine change dX, 
the corresponding change In IL/D^ may he calculated without considering 
any change In cznilslng Wg/pS^. 


Expanding equation (B8) gives 



(B9) 


But, from equations (B1) and (B2), the lift-drag ratio is a function 
only of cruising Wg/pS^^, bo that 

PSw 


0 


(BIO) 
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Combining equations (B9) and (BlO) glTes 



(BU) 


Equations (2a) and (BU) may nov be cotiAlned .to ^ve 
«dx"TclX kdX 


(2b) 


For convenience, the partial- derivative symbol is dropped, with the 
understanding that the cruising Wg/pS^f and L/D^ are not variables 
In equation (2b) and all the succeeding equations. 


Range of Fixed-Size Airplane 


The preceding section concludes that Wg/pS^. ls_to be considered 
fixed when the engine Is modified. In this section It Is assumed that 
the airplane size and hence S^ are fixed; theretor^ '^g/p 
stant. Assuming further that the engine size Is not changed, differ- 
entiation of equation (B4) gives t- .I 



(B12) 


because the terms on the rl^t side of the equation are constant. 

The analysis to this point has dealt with the engine- airframe com- 
bination. Consider next the changes that take place ^n the engine It- 
self. In general, a change In any engine parameter ^ tends to change 
both the thrust coefficient and the specific Impulse of the engine. In 
order to keep the thrust coefficient unchanged, required by equation 
(B12), It usually Is necessary to adjust the combustion temperature of 
the cycle. (This will be the temperature of the afterburner If the 
engine has one; otherwise. It Is the temperature |ln the primary combustor.) 
Adjustment In thrust may also occur throuf^ changes Tn the drag associated 
with the engine modification dX. In mathematical teums, 

C^- >'i.(X, Cd, t^) (B13a) 

T - Cd, t^) (B13b) 
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By differentiation. 




“•(SL.=d“" 


By definition. 


C^“ - Cj3 


I - 


wj ^ ‘ ^ 


which may he differentiated to give 



- 1 




/acjA dop 

V^/p- ^ 


'Cd 


Wx,Od ‘ (%)x,0p 






(B15a) 

(B15h) 


(B16a) 


(B16b) 


In addition, and I for the reference or unmodified eTig^n*» are 
equal to Op and I, respectively, since the airplane lift-drag ratio 
Is defined to Include the original engine drag. 
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Combining equations (B12) and (EL4) to (B16) gives 


dX 


(^A - f-L . ^ 1 \ (^A 

\^y'tab>CD Op ” “ \^jx,CD V^Aab^Cp 


(B17) 


(The term hl/hCp Is the ratio of the changes In I w-nd resulting 

from a small c han ge In temperature dtg^^.) A graphical representation 
of these relations Is as follows: 



The original airplay cruises with the en^ne operating at point A, which 
Is at the thrust coefficient for maximum IL/D 4 .. ' A change in an pngHT^ 

parameter dX changes the propulsive thrust coefficient and specific iL . 

Impulse to point B, If the cycle temperature Is i^ld" constant. The 
associated variation In If any, causes a fur'thsir' ehange to point C. 

In order to return the thanist coefficient to Its original value, as 
required by equation (B12) , there must alTO be a charge In cycle temper- ' 
ature dtgj,, so that the final engine operating condition is at point D. 
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Consider next the weight distribution of the airplane. !Ihe Initial 
gross weight of an airplane Is the sun. of the various components ^ as 
follows : 


Wg = Wat + Wpj + We + Wf (3) 

The effect of engine modifications on equation (S) Is considered In 
two cases, the first assuming that Wg Is held constant and the second 
allowing Wg to vary. 

Constant Initial gross welgdit . - For a fixed airframe and a constant 
Initial gross weight. It Is assumed that changes In engine weight can he 
accommodated only hy a corresponding opposite change In the fuel load. 
Thus, differentiating eq\iatlon (3) gives 


dWe ^ _ awf 
dX dX 


Combining equations (2h), (B17), and (4) gives the final general ej^es- 
slon for the range of a fixed- size airplane with constant Initial gross 
weight; 



(B18) 


In which the partial derivatives are to__he evaluated at the combustion 
temperature tab that yields maximum IL/D^ for the airplane. Equa- 
tion (bis) Indicates the effect on airplane range of any engine modi- 
fication dX that also affects engl ne drag by an amount dCp and 
engine weight by an amount dW^* Setting equal to zero In equation 
(bis) results In the breah-even condition for range. From the break- 
even equation It Is possible to calculate the maxlnnnn permissible changes 
In engine drag and engine weight res\ 2 ltlng from an engine modification 
such that the range does not change. 


Equation (BIS) may be further simplified for the cases In which 
either the wel^t or the drag changes, but not both. For example. If 
the engine modification affects only the engine wel^t, the break-even 
expression Is obtained by setting d^ and dCp equal to zero In 
equation (BlS) , giving 

- dfll- 0 


Wg 


k 

I 


(i)tab,CD'(^)x,CD(^) 


ta'h j Cp 


r dfli 

l^dCD 


(B19a) 
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while setting 6.31 and dWo equal to zero yields 



(B19h) 


Equations (B19) may he simplified still further for the special 
CEise in which the engine weigpit is a negllgihle part of the airplane 
gross weight. This condition might he approximated In the case of a 
rem> Jet-powered long-range missile, for example. If the engine weight 
is negllgihle, there is no advantage in rising the thrust in order to 
reduce engine size. The engine can then he sized to cruise at the low 
temperature yielding maximum specific Impulse. Setting 

equal to zero in equations (B19a) and (B19h), respectively, gives 


Wg dX 




(B20a) 


dX • I r 


0 

0 


We« Wg 



(B20b) 


ihiother simplification arises when the parayieter X relates to the 
exhaust nozzle (e.g. , when X is the noziile velocity coefficient Oy). 

The efficiency of e:iq)an8lon throu^ the exhaust nozzle does not affect 
the engine air flow nor the fuel-air ratio. Therefore, the engine 
thrvist coefficient and the specific Impulse chanjge in the same proportion 
when Oy is varied with constant conibviBtion temperSiure. That is, 


locOg. 


(B21) 
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jSiibstltutlng tMs expression In equations (B19a) and (B19b) gives 


WgdOv lWt*,CDL<!F WJcV.OdJ C®!o 


CB22a) 


dCp 

dCy 



0 

0 

0 


(B22[b) 


Variable Initial gross wel^t . - {Hie preceding section has con- 
sidered an airplane of fixed size and constant Initial gross vel^t. 

When an gngiTip change vas made that resulted In an Increase In engine 
vel^tj It vas assumed that the fuel tanks could not he completely filled. 
Another case of practical Interest occiirs when the Initial gross weight 
Is permitted to Increase hy keeping a full fuel load even when the engine 
weight Is Increased. The alrplanq thus Is overloaded during takeoff, 
hut this may often he an acceptable penalty In order to anhleve maximum 
range. Differentiating equation (3) with a constant fuel load gives 


dWg dWg 

W “ ^ 


( 5 ) 


The change In ratio of fuel weight to gross weight due to a cha n ge 
In gross weight for a fixed fuel welgit Is, hy differentiation and 
using equation (S), 


_d_ 

dX 


f'V\. - 


(B23) 


Comhlnlng equations (2b), (B17), and (B23) gives 


1 ^ 1 {(^\ 
fli dx “ I 




(B24) 


Simplified equations similar to those derived for the case of con- 
stant Initial gross weight (eqs. (B19) to (B22)) are easily obtained. 
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Acceleration Potential of Fixed- Size Airplane 


The margin of engine thrust over airplane drag Is Important to the 
amount of fuel consiuned during acceleration and (j.lmh , the time to 
accelerate and cllmh, the celling, and the comhat maneuverability. The 
margin of maximum engine thrust over cruising alj^lane drag Is expressed 
In the present report In terms of the acceleration potential G, defined 
as 



vhere the subscript max means that Is to be evaluated at the maxi- 

mum allovable combustion temperature for Merest 'thrust. From the defi- 
nition of equation (6a) may be written as . 


G - 



(B25) 


The effect of an engine modification .on the thrust margin Is 
obtained by differentiating equation (B25), giving 


dG ^^,max _ ^^g /^\ 

dX dX dx“l WgidX 


(B26) 


In this section, as previously, advantage Is taken of the fact that, for 
the unmodified engine, equals zero because o^ the definition of 
L/D^, and hence Is equal to Cp. Thus, combining equations (6a) 

and (B26) and using the relation C^qA^ * Wg/(L/D.|.) give 



Note that the break-even condition Is also the condition for maximum 
acceleration potential and Is lndependen-t^:pf and Cp. For a 

fixed- size airplane with constant gross wel^t, !dWg/dX Is taken equal 
to zero. For a fixed-size airplane with Variable gross weight, dWg/dX 
Is taken equal to dN^/dX (according to eq. (5)). 
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Range of Varla]3le-Slze Mrplane vlth 
Constant Acceleration Potential 

In this section the geometrical proportions of the airframe are 
fixed, hut It Is assumed that the size may he varied. This allovs Im- 
posing the condition Independently of any variations In airplane range 
that the acceleration potential does not change as the engine Is modi- 
fied. This situation may exist during the preliminary design stage of 
the airplane. The equations are developed for the case of constant 
engine size, although they can easily he expressed In terms of the ratio 
A^/Vgf vhlch then permits varying the engine size If desired. 

Consider first the engine- airframe comhlnatlon. As discussed In 
the first part of this appendix, assume that the airplane Is alvays 
designed for the same value of the term Vg/pSy^. Since the airframe pro- 
portions are specified, the cruising L/D^ does not change and equation 
(2b) applies. 


For cruising flight the thiust must equal the drag, so that the 
criterion for constant acceleration potential can he written 


JSL ^Vjiaax ~ V \ ^ 
) 


Carrying out the differentiation gives 

fl - ^ + fl > ^ . c 

^ \ ^»maxy \ ^ \ J 

Also, differentiating equation (6a] gives 

dG _ . _ d /"9/;maJc\ 

s ^ dx 

which, fbr a constant maneuver margin (dG/dX >0), reduces to 

d f ^.^maxN . Q 

^8 J 

Combining equations (B30) and (S32) gives 

C, 


(B29) 


(B30) 


^ W,Haxj 


(B31) 


(B32) 


(B33) 
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Nov examine the engine more closely, ^e chatageg that occur In the 
engine are defined hy carrying out the differentiation Indicated hy equa- 
tion (B53); resulting In _ : " 





^^^,vaax 

dX 


(B34) 


From equation (B14a) evaluated at the temperature for TnftY^ml 1 Tn thrust ^ 
^.y.max f^jr.max) . ^ (' ^^ma:A ^^ab^max 

“ /tajj,CD \ Jt^jX ^ \^8*/X,Cu ^ 


(B35) 

Maximum thrust of the engine Is ordinarily obtcdned at the maximum per- 
missible cycle temperature^ so that the third term on^he right side of 
equation (B3S) differs from zero only if the engine modification dX 
results In a change In maximum permissible tombustlon ''temperature 
'^ab^max* ^ 


The change In engine specific imxmlse resulting from an engine 
modification Is found by combining equations (B14) to_(B16), (B34), and 
(B35), giving , _ 



(B36) 


As before ; Is equal to C||i before modification. 


The change In velght distribution of the airplane Is found by dif- 
ferentiating equation (3} vlth the assumption that the ratio of struc- 
tural to gross velght does not change vlth ^ X: 


dX 



(B37) 


Also^ 



Wg dX 


w 

"S dX 



(B38) 




■ 
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while expanding equation (B32) gives 

^^,maic . 2Ej. 


max 


dW„ 


dX Wg dZ 

Combining equations (B16] ^ (B35)^ (E38)^ and (B39) gives 

1 Wo 


(B39) 


dX VW 




Op, max Wg 

dCjj 


dX 


( ^jinaj^ max 

St^ ;X,Cu dX 


dX 
(B40) 


Substituting aqiiatlons (B36) and (B40) Into equation (2b) then gives the 
general result for a variable-size etlrplane; 


dCu 

IX" 


« a - C ■ =rXc)] 

/3i \ n .maA 

\^k,c^ LV“A»1''‘=d ■ 0r,»a=c'r^;t^,0D 


~^^h,0n “ Wg 

BCp 


Op 


PF,max 
1 




max' 




dWe 

dX 



,max^ _ *^^0 ^ f^EjES^ *^~**abjmax 1 

^ V ;X,Cd dX jj 


(B41) 


Two points of view may be taken In considering the ratio of payload 
to gross weight Wp^/tfg. One approach Is to assume that the payload 

remains constant when the airplane gross weight varies. This gives 


dX 



dWg 

dX 


(B42) 
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which combines with equation (B39) to give . - 

d f ^ \ ^^P>max 

ax VWg j “ ■ VCF,aaxj aX 


(B43) 


C!omhining equations (BlS), (B35)^ and (B43) gives 

d /^pA - 1 \rr^®F,maA _ j. atgjj^j^oj^ 

'^eJ V'^g ;V°p,maxjL\ ^ y^ab>CD “ ax V Kh ax J 


(B44) 


Substituting this expression in equation (B^) gives the result for the 
case of a constant payload: 



(B45) 


A second point of view is to asB\jae that the ratio of payload to 
gross weight remains constant when the airplane gfoss~weight varies. 
This case is obtained simply by taking d(Wpj/Wg)/dX equal to zero in 
equation (B41). 
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ASSUMPTIONS FOR CALCtH.ATTNG- ENGINE EESFOBMANCE AND DERIYATIYES 
The component assumptions for the turbojet An g^rlA are: 

(l) Inlet diffuser (see table III) 

( 2 } Compressor: 

Sea- level static pressure ratio, 7 

Sea- level static air flow, 35(lb/sec)/sq. ft 

Constant mecbanical speed 

( 3 ) Combustor: 

Fuel, JP-4 

Primary burner efficiency, 0.95 

Afterbizrner efficiency, 0.90 

( 4 ) Turbine-Inlet tenperature, 2500° -R 

( 5 ) Exhaust- nozzle force coefficient, 0.96 

The component assumptions made for the ram- Jet en^ne are: 

( 1 ) Inlet diffuser (see table III) 

( 2 ) Combustor: 

Inlet Mach number, 0.175 
Fuel, JP-4 
Efficiency, 0.90 

( 3 ) Exhaust-nozzle force coefficient, 0.96 

The thrust coefficient for the turbojet engine Is based on the com- 
pressor tip area. This Is reasonable, since compressor tip area Is not 
likely to be varied as a result of en^ne modifications. It Is for this 
reason that the equations were developed for the case of constant eiiglne 
(l.e., compressor tip) area. 

When the derivatives of C^ and I with respect to inlet pressure 

recovery were calculated. It was assumed that the compressor- Inlet Mach 
number (l.e., dlffUaer-exlt Mach number) was held constant. For super- 
sonic flight, afterburning Is generally required. Best efficiency Is 
then obtained by maintaining rated turbine- Inlet temperature and varying 
the thrust output as needed throvi^ changes in afterburner tenqperature 
arifi concOTiltant nozzle- throat ares changes « FOr a constant turbine- inlet 
temperatmre, the rotative speed and corrected air flow of the compressor 
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are also constemt (at any given flight Mach number amhlent tempera- 
ture) . Constant corrected compressor air flow Is equivalent to a con- 
stant compressor- Inlet Mach number. 

As a consequence of these assumptions ^ the air flow through the 
engine and the ratio of Inlet Up to compressor tip ^ea A^/Aq vary 
directly with the Inlet pressure recovery (pixivlded Inlet operates 
at the same mass-flow ratio for both recoveries) . If the Tna-vimuTn pres- 
sure recovery of an Inlet 1s Improved throutfi some pl^lcal modification 
but the Up area Is not Increased, then the Inlet will operate super- 
crltl'cally (l.e., the normal shock wlU move downstream Into the subsonic 
diffuser), and the actual operating pressure recovery of the Inlet will ■ 
be no greater than before, despite the potentlaUjjr enviable IncfeaseT 
Conversely, If the effect of the modification Is to decrease the pres- 
sure recovery, then the air flow throui^ the engine Ts also decreased j 
If the Up area Is not reduced, the excess, air Is spilled around the 
Inlet and results In additive drag, which further penalizes the engine 
thrust and efficiency. (Note that, for a constant compressor- Inlet Mach' 
number and combustor temperature, the exhaust-nozzle-.throat area Is Inde- 
pendent of changes In Inlet pressure recovery. ) 


The preceding discussion shows that, for the turbojet engine, the 
diffuser -exit Mach number is not variable and the Inlet area should be 
varied when pressure recovery is changed. 


For the ram- Jet engine, the thrust coefficient is based on the com- 
bustor frontal area, and constant dlffuser-exlt Mach number was also 
assumed when BCp/B^ and were calculated. XAs in the case of 

the turbojet, this means that the exhaust-nozzle- throat area is inde- 
pendent of changes In Inlet pressure recovery. ) However, other assump- 
tions can be made about the dlffuser-exlt Mach nunibef . In this ceise, 
there Is no compressor with Its requlranent of constant corrected air 
flow. It Is feasible then. If desired, to assume that the diffuser area 
ratio A^/Aq Is held fixed, so that the combustor- inlet Mach number 
varies with changes in diffuser pressure recovery. (Note that, for a 
given combustion tenq)erature, this requires some’ adjustment In exhaust- . 
nozzle- throat area. ) For a constant cooibiXBtlon tem;^rature, and neg- 
lecting the small variation with Inlet Mach number c5f the combustor 
momentum- pres Siire loss due to heat addition, the fol3 owing relation holds: 


^ 1 ^Sl\ 

Pp /"tab^C]) I 



The equations of tables I and II are still valid, and eqviatlon (Cl) may 
be used to evalxiate for the ram- jet engine where A'j/Ag Is held 

constant (Bl/5^ being taken from figure 2(d)). 
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APPMUUX D 


AIIHEBNATIVE DEVSLOBiENT OF METHOD 

The equations of the present report were derived under the basic 
assumption that the value of Wg/pS^ Is held constant tihen an engine 

modification dZ Is made. By Inference, any required adjustment In en- 
gine thrust Is then made by changing the engine combustion tenq>erature . 
This appendix proves that the engine may. If desired, be viewed as con- 
tinuing to cruise at the same teaq>erature, with the required Eidjustment 
In engine thrust made by changing airplane altitude. The same final ex- 
pressions for range are obtained In either case. 

This appendix also shows that the equations of the present report, 
which are e^^ressed In terms of the engine parameters, can alternatively 
be expressed In terms of the airplane aerodynamic parameters. 


Demonstration of Alternative Viewpoint 

Identical results are obtained regardless of whether the airplane 
files at constant Mg/pS^ or the engine operates at constant teo^rature. 

To prove this statement It must be demonstrated that 



E^qpandlng the right side of equation (Dl) gives 



Substituting equations (BIO) and (B17) Into equation (D2) yields 



where only a fixed-size airplane Is considered. 
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Consider now the left aide of equation (D1) . Expanding, 



From equations (B14h) and (B16b), 



Also, expanding eq;xatlon (B7), 



I ^ f 

• 

DI 

.fe). 

X \P®w/ 



The last term of equation (D7) may he rewritten 



Equations (B14a) and (B16a) give 

/DCj.\ ^D. 


(D4) 


(D5) 


(D6) 


(D7) 


(D8) 


(D9) 


(DIO) 
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ConObltilng equations (D6) to (DlO) gives 



(Dll) 


Equations (D5) and (Dll) may now be substituted In equation (D4), yielding 



(D12) 

The rlg^t sides of equations (D3) and (D12) are Identlcsilj hence equation 
(D1) has been proved. 

Vhen temperature Is held constant (and Vg/pS^ alloved to vary), 

part of the range gala due to an engine cooi^onent Improvement dX results 
from an Increase In I and part from, an Increeise In airplane L/D^, 

When Wg/pS^ Is held constant (and ten 5 >erature allowed to vary) , all 
the range gain results from Increases In I. Both cases yield the same 
answer. 


The preceding discussion has assumed a constant airplane size. With 
the aid of scxne sln^Ufylng assumptions, the seme result may be obtained 
when airplane size Is allowed to vary. 


Development In Terms of Aerodynamic Parameters 

The equations In the present report are presented In terms of the 
engine performance parameters and their derivatives. The equations can 
alternatively be presented In terms of the airplane aerodynamic param- 
eters. This latter approach, which weis used In reference 3, Is explained 
as follows. 

The condition that the airplane Initially cruises at maximum XL/D^ 
Is given In equation (B7) and rewritten In equation (D7) as follows: 



38 



Considering the term on the right, write 


DI 




X 



where differentiating equation (B4) gives 



Consider next the first term in equation (D7) , which 
pears in equation (B14] . Differentiating equation (Bl) g; 



where, from equation (B2) , 



hence, equation (DIS) hecanes 



Differentiation of equation (Bl) with respect to Cj^ 
the optimum value of Cj^ corresponding to maximum L/D^ 


®L,opt 




SA.CA. SM S56JB6 


(D13) 


(D14) 

now also ap- 
.ves 


(D15) 


(D16) 


(D17) 


shows that 
is given hy 

(D18) 
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CooibltilDg equations (D7}j 


(D14), (D17), and (D18) gives 



(D19) 


This expression shows that selecting a combustion temperature at which 
to evaluate the engine parsmeters necessarily Implies that the airplane 
Is cruising at a particular value of 


Equation (D19) may he used to eliminate the term hl/dCjp from the 

equations presented In this report. Other engine parameters will still 
be present; however, such as and I. It thus becomes possible to 

select a valxe of ^i/^L^opt cruising, rather than an engine com- 

bustion temperature. Through equation (D19), the selected value of 
C^yCL then fixes the conibustlon ten^rature at which the remaining 

engine parameters should be evaluated (if the airplane cruises at maxl- 
nnim 


Although It la always assumed In the development of the equations 
of the present report that cruising occurs at maximum IL/d^, other cases 

exist. For example, engine thrust may be limited so that, even at maxi- 
mum combustion temperature, cruising takes place at altitudes lower than 
those for maximum IL/D^. In this case It Is desirable to write the 
equations In terms of Cj^Cj^^opt C'^iog eq. (D19)), where the remaining 

engine parameters are evaluated for the maximum permissible temperature 
and Is determined from the airframe design and operating 

condition. From the statement of the problem, this value of CL/^L,opt 
when substituted In equation (D19) must corresp>ond to a vEO.ue of 

for some higher than maximum permissible combustion tempera- 

Z,Cj) 

ture. This Is the case considered In reference 3, which derived equations 
slmillar to those of the present report with dl/bCpi replEu:ed by the 

function of given In equation (D19) . 
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TABLE I. - RANGE AND WEXCST EXPRESSIONS 
Evaluate at cruise combustor ten^jerature except terms involving 

- a ^UKUL 


(a) Fixed-size airplane with, constant Initial gross velglit 
General eq.aatlons'; 



Illustrative special equations ; 

Effect of Inlet pressure recovery and welgdit (constant Inlet drag); 

_ 


1 ^ 1 
« d^“ I 


/ai\ /ai \ /scp-X 


S 


Effect of Inlet pressure recovery and drag (constant Inlet weight): 

Effect of exbaust-nozzle velocity coefficient and welgjit (constant 
nozzle drag) : 


1 ^ 1 
1« «acy - I 




(T4) 


Effect of exiiaust -nozzle velocity coefficient and drag (constant noz- 
zle velght) : 


1 dg 
dCy 



(T5) 
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TABLE I. - Continued. RANGE AND WEIGHT EXPRESSIONS 

fEvaluate at cruise combustor temperature except terms Invol'v^ng 
Cp^max-] 


(Id) Fixed-size airplane with fixed initial fuel we^ht and varlahle 
initial gross weight ' s 

General equations; 



I 



4U9:;:> 
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TABLE I. - Concluded. RANGE AND WEIGHT EXPRESSIONS 

fEvaluate at cruise combustor ten^erature except terms Involving 
^,max’] 

(c) Variable-size alz^lane with constant acceleration potential^ 

^^abjinax 
dX “ ^ 

General eq.uatlons ! 


Constant payload -weight: 



Constant payload- to gross -weight ratio: 
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TABLE II. - ACCELERATION-POTEHTIAL EXPBESSIONS 


[Waluate at cruise combustor temperature except terms in- 
volving 


(a) FlxecL-size airplane with constant initial gross weight 


General equation ! 



(T9) 


(h) Fixed-size airplane with varlahle Initial gross weight 


General equation ; 


dX 



(TIO) 
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TABLE III. - ASSUMED SCHEDULE OF INLET -DIFFUSER 
PRESSURE RECOVERIES AND AREA RATIOS 


Flight Mach 
number , 

M 

Pressure 

recovery, 

9 

Area ratio, ^ 


Turbojet 

Ram Jet 

Turbojet 

Ram Jet 

1.0 

0.95 

0.711 


0.748 


1.5 

.944 

.733 

0.328 

.787 

0.347 

2.0 

.910 

.822 

.454 

.903 

.499 

2.5 

.826 

.950 

.644 

1.15 

.780 

3.0 

.700 

1.08 

.880 

1.54 

1.26 

3.5 

.567 


1.15 


2.03 

4.0 

.443 


1.45 


3.27 

5.0 

.245 


2.00 


8.16 


^Ag Is taken as compressor frontal area for the turbojet 
and combustor flow area for the ram Jet. 
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TABLE IV. - NOZZLE EEIESSURE RATIO AND ABEA RATIOS 


(a) Turbojet engine 


M 

°R 

p 

Ae 

^exlt 

Ae 

(a) 

0.9 

(^) 

4.847 

0.571 

0.787 


2500 

4.782 

.635 

.669 


3500 

4.622 

.797 

1.684 

1.0 

(•b) 

5.293 

0.566 

1 .-1 

0.^18 


2500 

5.223 

.628 

.901 


3500 

5.042 

.789 

'1 

1.122 

1.5 

(•b) 

7.872 

0.586 

1.656 


2500 

7.769 

.652 

1.165 ■ 


3000 

7.620 

.740' 

1.325- 


3500 

7.481 

.822 

1.456 

2.0 


12.13 

0.569 

1.331- 


2500 

11.97 

.632 

1.463 


3000 

11.76 

.716 

1.671 


3500 

11.57 

.794 

1.833, 

2.5 

(t) 

18.05 

0.553 

1.661. 


2500 

17.84 

.611 

1.821 


3000 

17.51 

.692 

2.086 


3500 

17.22 

.769 

2 .289 

M 

3.0 

W 

25.43 

0.535 

2.814^ 


2500 

25.15 

.588 

2.194 


3000 

24.71 

.664 

2.514r 


2500 

24.30 

.738 

2.762 


For complete expansion. 
\o afterlDUrning . 
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TABLE IV. - Concluded. HOZZLE ERESSURE RATIO AND AREA RATIOS 


(Td) Ram- Jet engine 


M 

^ah^ 

°R 

^N 

P 

\h 

Ae 

(a) 

A 44. 

exit 

Ae 

(■b) 

M 

^ah^ 

°R 

V 

Ae 

(a) 

■^exlt 

Ae 

(t) 

1.5 

1500 

3.18 

0.536 

0.629 

3.0 

1500 

24.10 

0.366 

1.410 


2000 

3.11 

.649 

.784 


2000 

23.96 

.433 

1.711 


2500 

3.00 

.770 

.938 


2500 

23.76 

.497 

2.003 


3000 

2.83 

.915 

1.109 


3000 

23.48 

.560 

2.280 







3500 

23.15 

.625 

2.552 

2.0 

1500 

6.66 

0.471 

0.798 


4000 

22.71 

.694 

2.826 


2000 

6.53 

.564 

.978 







2500 

6.35 

.658 

1.150 

3.5 

2000 

43.39 

0.384 

2.193 


3000 

6.15 

.760 

1.307 


2500 

42.80 

.439 

2.569 


3500 

5.94 

.879 

1.459 


3000 

42.17 

.492 

2.925 


4000 

5.70 

1.0 

1.634 


3500 

41.50 

.546 

3.276 







4000 

40.55 

.601 

3.634 

O C? 

1500 


n AT A 

1 







.LO « uO 

\J 








2000 

13.00 

.492 

1.300 

4.0 

2000 

66.05 

0.344 

2.725 


2500 

12.79 

.569 

1.524 


2500 

65.71 

.392 

3.191 


3000 

12.54 

.647 

1.733 


3000 

65.35 

.439 

3.639 


3500 

12.29 

,730 

1.936 


3500 

64.91 

.485 

4.079 


4000 

12.03 

.824 

2.141 


4000 

64.40 

.531 

4.524 






5.0 

3000 

135.7 

0.366 

5.12 







3500 

135.0 

.402 

5.76 







4000 

134.3 

.438 

6.41 







4500 

133.3 

.465 

7.05 


^Values given 
^or con?)lete 


for throat area, are approximate, 
expansion. 



f-. 

t . 
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TABLE V. - REPEESEHTATIVE VALUES OF AIRPLAME PARAMETERS 


(pydrocaxLon fuel aesumedj 



Turbojet 

! 

—Ram Jet 

M = 2. 

0 

M = 

5.0 

Interceptor 

Bonbe^ 

Interceptor 

missile 

Bombardment 

missile 

w ,/w 
vV 

0.10 

0.07 

0.25 

0.07 

"rtAg 

.35 

.22 ■; 

.45 

.21 

M./«g 

.25 

..16. 

.10 

.06 

«f/Wg 

.30 

.55 

.20 

.66 

(Wf^g)a 

.12 

.10 

®0 ^ 

ao 

k 

.16 

.31 

.18 

.37 

W , lb 

20,000 

150,000 

10,000 

100,000 


4-.0 

5.5“ 

3.0 

5.0 

Radius^ nautical ml. 

■325 

1500 



Range, nautical ml. 



1000 

5000 


TT 


The ram- Jet mlsBlleB are aBsumed to he "booBted by rockets or 
launched from another airplane at cruise speed and altitude. 
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Aftartnimar teogeratura^ *%, 


(d.) Partial derl-mtlYS of qpeolflp Iq^ulae vlth. reapeot 
to iniat preeaure recovaiy. 

Ilgure 1. - Oontlnued. Tw'boJet-eQglnB perfoamaaca and. 
perfce ma iica darlvatlvaa. ' i- 
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i'lf 



20,000 


16,000 


, 12,000 


(e) Partial derivative of Internal thruat wefflolent wfth reapoot to exhauat- 
noaale veloolt? ooeffloient. I 'T.' .. 


A 

4 .*’ 


'oyo^ 8,000 


4,000 



1^6 IB6o /2000 SiOS 2600 

Afterburner temperatur'e, t|^,,OR 

(f) Partial derivative of apeolfio impulae with reapeot to exhauat-nozele velo- 
city coefficient . 

Figure 2. - Concluded. Ran- Jet-engine p;6rfonnance and performance dei>lvatlvea. 












Drag coefficient. Pressure recovery. 
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n 


; 




1 






5 

• 

6 

• 

7 

, • 

8 

.9 


Inlet mass -flow ratio, m/mj. 


Figure 

size 


4. - Graphical method for selecttng hest Inlet 
and operating point. Flight Mach number, 2.0. 
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